INTRODUCTION
The divergent results obtained from the use of phosphatic fertilizers under different soil and climatic conditions have led observers to rather opposed views on the behavior of phosphate in the soil system. A more intimate knowledge of soil chemistry and of the behavior of the various phosphates under the conditions met with in soils should satisfactorily answer the ques tions involved and harmonize the interpretations of field and laboratory re sults. This paper is intended to show the importance of the reaction of the medium in a study of the nature of phosphatic compounds and to indicate the importance of the several cations associated with phosphate in the soil under the range of acidity or alkalinity commonly occurring in soils.
SOIL PHOSPHATE

Forms
Phosphorus exists in the liquid and solid phases of all soils. Both organic and inorganic forms of phosphorus are known to be present.
Among the phosphatic compounds recognized by mineralogists may be mentioned apatite, wagnerite, wavellite, and vivianite. These minerals, as found by the geologist, are extremely resistant to the action of water, being but slowly decomposed. Other conditions probably prevail with regard to phosphates added in soluble form to the soil and to that phosphorus already in the organic cycle of the soil. Bassett (3) , from a study of the application of the phase rule to calcium phosphates in the presence of calcium oxide, con cluded that calcium hydroxy-apatite, 3Ca3(P04)3 • Ca(OH)2, must be the form of phosphate existing in soils.
Certain organic compounds, containing phosphorus, have been isolated from soils. Shorey (20) described the isolation of nucleic acid. Stoklasa (23) and Aso (1) , working independently, claim the isolation of lecithin in small amounts. Schollenberger (�8), Potter and Benton (13) , and others, have claimed the separation of organic forms of phosphorus from the ammonia ex tract of soils. Although the inaccuracies of the methods of separation are apparent, a priori considerations of the system involved support the qualita tive results.
Concentration of phosphate in the soil solution
In spite of the difficulties involved in obtaining the true soil solution, the work of many investigators, using water extraction, as well as displacement methods, shows that the soil solution is very dilute with respect to phosphate. (22) and others, so that the results obtained by displacement or by water extraction may be comparable. Calculation of results on the dry soil basis gives an er roneous impression of the solubility of the soil phosphate.
Solubility
The low concentration of phosphate in the soil solution has been explained in two ways:
1. The aJsorption hypothesis. Russell and Prescott (16) concluded that the fixation of phosphate by the soil involved the phenomenon of adsorption, and the results could be exb .
. x 1 pressed y the well known Freundlich Equation -= k C -. Wrangell (28, p. 645) subm P scribes to this idea as she states, "Die Konzentration der Bodenlosung wird in weit grosserem Masse von der Absorption-kraften des Bodens abhangen als von der Natur seiner Phosphate." Apparently the fixation of phosphatic fertilizers is regarded as being strictly comparable with the absorption of gases by charcoal.
2. The hydrolysis hypothesis. The effect of water and of aqueous solutions on various phosphates has been carefully studied by some of the earlier chemists.
Cameron and Bell (5) proposed the following reactions:
1. CaH4(P04)2·H20 + H20 = CaHP04·2H20 + HaPO,
Amorphous as it was found that the ratio of Ca: P04 is always lower in the liquid phase than in the solid phase. Warington (25) found that treatment of dicalcium phosphate with succes sive portions of water resulted in the formation of a basic compound corre sponding to
The more recent work of Comber (6) indicates the importance of the cations calcium, iron, and aluminum in controlling the phosphate concentration of the soil solution.
EXPERIMENTAL
The following experiments were designed to afford further evidence on the chemistry of phosphate. An attempt was made to study the effect of adjust ment of the soil reaction by the use of strong acids on the phosphate concen tration of the soil solution. The effect of precipitating the soluble calcium by means of ammonium oaxlate was expected to throw light on the solubility of the phosphatic compounds of the soils. The results were subjected to a criti cal examination in the light of results obtained from a study of the concentra tion of phosphate, at various reactions, in the presence of cations commonly present in soil, when pure solutions were used.
Methods
The soil solution was obtained by the displacement method described by Burd and Martin (4) . The soils were displaced at a moisture content as near optimum as possible.
The analytical procedures in general use in plant n _ utrition laboratories were employed throughout. The results reported are averages of closely agreeing duplicate determinations.
Moisture was determined by drying at 100°C. for at least twelve hours. The results were calculated as percentage of water, on the moist soil basis.
For the determination of phosphate in small amounts, the coeruleo-molyb- Appropriate aliquots were treated with magnesia mixture in the usual way. After standing for several days, the solutions were filtered and the precipitates washed with 2.5 per cent ammonia. The inorganic phosphate, presumably precipitated as ammonium magnesium phosphate, was dissolved on the filter with 1: 9 HN03 and determined as the phospho-molybdate. After evapora- tion to dryness and ignition, the phosphate content of the first filtrate and the residue not dissolved by the nitric acid treatment, were determined by the same method. The results of determinations made on several solutions are reported in table 4.
These figures indicate that organic phosphorus is of little or no importance in the displaced solutions of soils 29 and 30 under natural conditions. Treat ment with ammonium oxalate resulted in the liberation of appreciable quanti ties of organic phosphorus in soils 30 and 33.
Ammonium oxalate treatment
The relatively high concentration of phosphate in the displaced solution obtained from soil 30 suggested that additions of ammonium oxalate might materially affect the phosphatic compounds of this soil. Samples of the air-dry soil were treated with varied amounts of ammonium oxalate (table S).
A little toluene was added to each treatment, to prevent bacterial decomposi tion of the oxalate (8) . Sufficient distilled water was used with the oxalate to bring the soil to the optimum moisture condition.
After 3 days, allowed for the attainment of equilibrium, the soil solutions were displaced and analyzed. The results are expressed in table 5. The solutions obtained, following the higher treatments with ammonium oxalate,
Soil 30-e f fect of ammoniu m oxalate, and of ammoniu m oxalate followed by calcium and iron as chlorides, on the dis placed solution were inky black and contained appreciable quantities of phosphorus in organic combination (table 4) . Reprecipitation of the phosphate liberated by the action of ammonium oxa late, was brought about by additions of calcium chloride and ferric chloride. A large sample of soil was treated with 0.64 saturated ammonium oxalate to bring it to half optimum moisture content. After 2 days, subsamples were taken and brought to the optimum moisture conditions with distilled water containing varied amounts of the salts. Five days later, the soil solutions were displaced and analyzed. The effect of the salts was not only to precipi tate the phosphate but also to clarify the solutions.
The results reported in table 5 show that the phosphate concentration is reduced to the original concentration by additions of calcium chloride or iron
.,:•' : 
•' ' chloride. The reactions of the solutions are but slightly affected by this treatment. These results are expressed graphically in figure 1.
The action of the iron chloride is probably indirect and in accordance with the following reactions :
The hydrochloric acid will affect the soil reaction as shown in table 5 . In addition, it will liberate soil calcium not replaced by treatment with ammonium oxalate. This will precipitate the phosphate and excess oxalate in accordance with the results reported in table 5.
The effect of ammonium oxalate on soils 33 and 35 is reported in table 6. The displaced solutions from these soils are extremely low in phosphate. Hence it would be predicted that there would be no reaction between the oxa late and the phosphate, the solubility product of the calcium and phosphate being smaller than that of calcium and oxalate-assuming the phosphate to exist as a calcium salt in these soils. This prediction is supported by the 
Treatment of soils with strong acids
Hydrochloric acid.-Previous experiments in this laboratory had indicated that treatment of a soil with dilute hydrochloric acid caused :
1. An increase in the concentration of phosphate in the displaced solution. 2. A falling off in the magnitude of this concentration with further small additions of acid (unpublished data).
These results suggested further experiments, which were conducted on soils 29 and 30.
Soil samples were moistened with one-half of the volume of distilled water calculated to bring the soil to optimum moisture conditions. Normal hydro chloric acid was then added with sufficient distilled water to bring the soil to 
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*New sample, as analysis indicated contamination of the original sample; probably due to NaCl absorbed by the crock in previous experiments.
the desired moisture content. It was thought that this procedure would ensure a better distribution of the action of the acid on the soil. After stand ing in loosely covered, earthenware crocks for 1 week, samples were taken for displacement of the soil solution. The remainder of the soil was sampled at later dates as reported in tables 7 and 8. The moisture conditions were main tained during this period by appropriate additions of distilled water.
Two treatments were given each soil, amounts of acid commensurate with the buffer system of the soil being used. Samples treated with distilled water were used as controls.
Analyses of the displaced solutions, obtained periodically during the ex periment, are reported in tables 7 and 8. 
FIG. 2. EFFECT OF TREATMENT WITH HCl AND SULFUR ON THE REACTION AND PQ4 CON CENTRATION OF THE DISPLACED SOLUTION
The difference in the response of the two soils is in keeping with the results of the previous findings ( fig. 2) . The role of manganese in this behavior is illustrated by the results of an experiment in which 250 p.p.m. Mn was added to a solution prepared to approximate the composition of the displaced solu tion of soil 30. This is designated solution 1. The results expressed in table 9 indicate that manganese may have been responsible for the precipitation of phosphate in soil 29 under treatment with hydrochloric acid.
Sulfur treatment.-In order to test the direct effect of sulfur oxidation on the displaced solution, air-dry samples of soil 30 were mixed with different amounts of flowers of sulfur and brought to optimum moisture condition with distilled water. Samples were taken for displacement at the various periods indicated in table 10 .
The production of sulfuric acid caused an increase in the phosphate con centration of the ·displaced solution. This increase was limited by other factors, the result of interaction between the soil and the acid. Treatment with ammonium oxalate (table 5) showed the presence of ample quantities The results of acid treatment of the soils are shown graphically in figure 2 .
The behaviM of phosphate in various inorganic solutions
In order to determine the solubility of phosphate at various reactions and in the presence of certain cations commonly present in the soil, a series of ex periments was conducted as follows :
Solubility of tricalcium phosphate.-Samples of Baker's C.P. tricalcium phos phate were distributed in 500-cc. bottles with convenient amounts of solutions of various compositions. After 6 days, during which frequent shakings by hand were given, the solutions were filtered and analyzed. The results are given in table 11.
A study of table 11 shows that the addition of hydroxyl ion leads to the liberation of phosphate, probably because of the formation of a basic phos phate. Hydroxyl ion is effective in reducing the concentration of phosphate in . the presence of an excess of calcium. This is contrary to the ideas of Wityn (27) , based on theoretical considerations. Apparently his assumptions were inadequate to meet the requirements of the system. Stock solutions were prepared and carefully standardized. The concentra tions are given in table 12.
TABLE 13
Solubility of phosphate in the presence of calciztm at dif ferent reactions, using 10 cc. NaH2PO, solittion and the amounts of CaCt2 solzition and normal NaOH indicated, 950 cc. solution The precipitates of the various phosphates were prepared by mixing 10 cc. NaH2P04 solution with quantities of the solutions containing the desired cat ion so that an excess of cation was present. The mixing was done in about 800 cc. C02-free distilled water and the pH was adjusted with N NaOH. The volume was made up to 950 cc. and the solutions were transferred to liter bot-tles. The bottles were corked and sealed with paraffine. After being shaken for 1 week in an end-over-end shaker, the solutions were filtered and analyzed. This period was found adequate by Cameron and Bell (5) . A preliminary experiment showed equilibrium to be reached in this period. Determinations of pH were made immediately on opening the bottles following the period of shaking. The electrometric method was used only when the magnitude of the reaction or the color of the solution prevented accurate colorimetric de terminations. The precipitates were drained on the filter and washed once with cold dis tilled water. They were then dissolved in 1 :9 HN03 and made up to a volume of 1 liter when aliquots were taken for analysis.
The results are given in tables 13, 14, 15, and 16 and expressed graphically in figure 3 .
DISCUSSION OF RESULTS
The concentration of phosphate in the soil solution
The results of investigations in practically all sections of the world have shown that the soil solution is very dilute with respect to phosphate. This is true regardless of the soil reaction, and applications of acids to the soils studied in this investigation have been shown to increase the concentration to but a limited extent. In fact, the results obtained from soil 29 show an absolute depression in the concentration of phosphate following the addition of hydro chloric acid. A consideration of tables 7 and 9 shows that manganese was responsible in this case. As the acidity of the soil is further increased, other cations, such as iron and aluminum, are brought into solution, and, in certain ranges of pH, may be effective in maintaining a low concentration of phos phate in the soil solution.
A great variety of phosphatic compounds is possible throughout the range of reaction met with in soils. Each cation considered is effective under cer- tain conditions and there is sufficient overlapping of the ranges to form an efficient precipitating system in most soils ( fig. 3) . Some unsaturated soils . are subject to leaching of phosphate applications. This is due to a lack of available bases at the reaction involved. In the case reported by Robinson and Jones (15) , such a system is met with. Corrective measures should in volve a change of the soil reacti0n and an increase in the soil cations other than hydrogen.
The phosphatic compounds of the soil
The crystalline phosphatic minerals of the soil were probably formed under conditions of heat and pressure, and are very slowly attacked by water. The phosphate cycle of the soil undoubtedly involves amorphous compounds result ing from the decay of organic matter. Soluble phosphatic fertilizers must augment this fraction. The crystalline forms must act as a reservoir.
The bases present in the soil solution, together with those liberated by base replacement following the addition of a fertilizer are responsible for the pre cipitation of soluble phosphate. Of importance will be magnesium, calcium. manganese, iron, aluminum, and, perhaps, some others.
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.,. Under neutral and slightly alkaline conditions, calcium and magnesium are the predominant soil bases and in normal soils are available for reaction with phosphate. No doubt calcium (or magnesium) phosphate is formed, with drawing the soluble phosphate from solution in accordance with the well-known solubility laws (table 13; fig 3. ).
Under slightly acid conditions, calcium phosphate is noticeably soluble, and manganese and aluminum are probably important in maintaining a low phos phate concentration in the soil solution (tables 7, 9, 15, and 16; fig. 3 ).
Iron in combination with phosphate is important under very. acid condi tions only (table 14; fig. 3 ). Under conditions of less acidity, the hydroxide is formed at the expense of iron phosphate, as the solubility product of Fe+++ and OH-is of such a magnitude as to favor the reaction in this direction.
A basic calcium phosphate probably forms under alkaline conditions. Evi dence for this is obtained from Bassett (3) who suggested 3Cas(P04)2· Ca (OH)�. The effect of NaOH on tricalcium phosphate (table 11) indicates the formation of a basic calcium phosphate with the liberation of the excess phosphate.
The following reactions are proposed as indicating the behavior of phos phate in the soil: It is recognized that this method of presentation is likely to be misinter preted, but it is deemed of value in suggesting possible reactions. The pH values given in the equations are indicative of the position in the pH scale at which the reactions may occur. It must be emphasized that it is inconceivable that absolutely definite pH values are concerned, but that ranges, more or less circumscribed, are involved. Much further and more detailed work will be necessary in order to complete the evidence for these reactions.
Adsorption of phosphate
Although Fisher (7) and Comber (6) have shown the fallacies of the early paper of Russell and Prescott (16) , and Comber has indicated the importance of cations in the behavior of phosphate and oxalate in soils, more detailed work appears to be necessary to convince the proponents of the adsorption theory. This paper attempts to show the effect of the various cations at different reactions on the phosphate concentration of solutions. The results indicate that the normal chemical process of precipitation is adequate to ex plain the behavior of phosphate in soils when the phenomenon of base ex change is recognized. That adsorption may play some part cannot be denied with the evidence at hand. Some suggestions from the data of table 5, which shows the effect of treatment of soil 30 with ammonium oxalate, support the chemical theory. If a balance sheet of the reactions, in terms of equivalents, be drawn up from the results expressed in this table, it will be found that with in about 10 per cent, the anions and cations balance. This is considered to be within the limits of error under the conditions of the experiment. At most, adsorption may play a minor role under these conditions. A more thorough chemical picture of soils and of soil processes, using quantitative methods, seems the most promising avenue for the attainment of a solution of many soil problems.
SUMMARY AND CONCLUSIONS
Experiments were conducted to study:
6. This action does not occur in soils containing phosphate of low solubility only. It depends on the relation of the solubility products of calcium phosphate and calcium oxalate.
7. Comparison of the solubility of various phosphates in pure solutions with the concen trations found in the soil solution suggests that the chemical properties of the compounds account for the behavior of soil phosphates. Adsorption of phosphate is unimportant, if it occurs at all in soils.
8. Calcium is the base most important in controlling the phosphate concentration in neu tral soils of the type studied.
9. Organic forms of phosphorous may constitute an important part of the total phosphorous of the displaced solution from certain soils, but not from others.
